Abstract Previous studies have shown that electroacupuncture (EA) promotes recovery of motor function in Parkinson's disease (PD). However the mechanisms are not completely understood. Clinically, the subthalamic nucleus (STN) is a critical target for deep brain stimulation treatment of PD, and vesicular glutamate transporter 1 (VGluT1) plays an important role in the modulation of glutamate in the STN derived from the cortex. In this study, a 6-hydroxydopamine (6-OHDA)-lesioned rat model of PD was treated with 100 Hz EA for 4 weeks. Immunohistochemical analysis of tyrosine hydroxylase (TH) showed that EA treatment had no effect on TH expression in the ipsilateral striatum or substantia nigra pars compacta, though it alleviated several of the parkinsonian motor symptoms. Compared with the hemi-parkinsonian rats without EA treatment, the 100 Hz EA treatment significantly decreased apomorphine-induced rotation and increased the latency in the Rotarod test. Notably, the EA treatment reversed the 6-OHDA-induced down-regulation of VGluT1 in the STN. The results demonstrated that EA alleviated motor symptoms and up-regulated VGluT1 in the ipsilateral STN of hemi-parkinsonian rats, suggesting that up-regulation of VGluT1 in the STN may be related to the effects of EA on parkinsonian motor symptoms via restoration of function in the cortico-STN pathway.
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Introduction
Parkinson's disease (PD) is a neurodegenerative disease characterized by a progressive loss of dopaminergic neurons in the substantia nigra pars compacta (SNc). The loss of dopaminergic neurons projecting from the SNc to the striatum is believed to be responsible for many of the motor deficits that occur in PD, including resting tremor, rigidity, bradykinesia, and postural instability/gait difficulties [1] . Classical medical treatment with levodopa and surgical options, such as deep brain stimulation (DBS), play the most important roles in alleviating the motor symptoms; however both are associated with inevitable side-effects and a financial burden [2, 3] . Electroacupuncture (EA), also known as peripheral electrical stimulation, is a non-invasive complementary therapy, which has long been used to alleviate parkinsonian symptoms in patients [4] . Our previous research has shown that high-frequency EA stimulation at 100 Hz ameliorates motor function in various animal models of PD by normalizing neurotransmitters in the basal ganglia [5] [6] [7] , inhibiting neuroinflammatory responses [8, 9] , reducing oxidative stress [10, 11] , and increasing the levels of neurotrophic factors [4, 12] . However, the exact mechanisms by which EA alleviates parkinsonian motor symptoms have not been fully elucidated.
The basal ganglia circuit has been shown to play important roles in normal motor modulation, as well as in the pathogenesis and treatment of PD. The glutamatergic projection from the motor cortex to the subthalamic nucleus (STN) is known as the hyper-direct pathway. This pathway plays a critical role in the control of movement [13] and is a crucial part of the basal ganglia circuit [14] . In PD, where depletion of dopamine occurs, both electrophysiological discharges and the functional connectivity of the hyper-direct pathway are impaired [15] [16] [17] [18] [19] . Indeed, electrophysiological studies have revealed synchronized discharges and b oscillations in the motor cortex and STN of parkinsonian patients and non-human primate models of PD [15] [16] [17] . Although an increase in functional connectivity between the motor cortex and the STN has been reported in parkinsonian patients via functional magnetic resonance imaging [18] , the exact changes in motor cortex-STN connectivity have been contradictory. Vesicular glutamate transporter 1 (VGluT1) is a marker of primary motor cortex (M1)-STN glutamatergic terminals [20, 21] and plays a critical role in the modulation of glutamate in the STN. VGluT1 is decreased in animal models of PD [21] [22] [23] . In our previous work, using herpes simplex virusgreen fluorescent protein (HSV-GFP) tracing, we showed that M1-STN connectivity is significantly reduced in hemiparkinsonian rats, as indicated by a decrease in HSV-GFPpositive neurons in the STN [23] . Clinically, the STN is a key target of DBS for the treatment of PD [24] . DBS of the STN has been shown to alleviate parkinsonism by reducing excessive synchronization in M1, via the M1-STN hyperdirect pathway [25] . Our preliminary work showed that EA alleviates abnormal M1 electrophysiological discharges (unpublished). Unfortunately, whether M1-STN connectivity is involved in the alleviation of parkinsonian motor symptoms by EA has not been clarified.
In the present study, we set out to address this question in a rat model of PD with unilateral 6-hydroxydopamine (6-OHDA) lesions in the medial forebrain bundle (MFB).
Materials and Methods

Animals
Adult male Sprague-Dawley rats (Vital River Laboratory Animal Technology Co. Ltd., Beijing, China), weighing 200 g-220 g, were housed under a 12 h light/dark cycle with ad libitum access to food and water in the laboratory animal center of Capital Medical University. All experiments were approved by the Animal Ethics Committee of Capital Medical University and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animal welfare was monitored daily throughout the entire study.
Unilateral 6-OHDA Lesions of the MFB
Rats were treated with 6-OHDA unilaterally, according to a previously published regimen [26] and displayed comparable hemi-parkinsonian motor signs. Briefly, rats were anesthetized by intraperitoneal injection of chloral hydrate (350 mg/kg) and placed on a stereotaxic instrument (David Kopf Instruments, Tujunga, CA). The right MFB was injected with 8 lg of 6-OHDA (5 lg/lL dissolved in 0.1% ascorbic acid; Sigma-Aldrich, St. Louis, MO) at 1 lL/min, using the following stereotaxic coordinates: antero-posterior (AP) -4.3 mm, medio-lateral (ML) -1.5 mm, and dorso-ventral (DV) -7.8 mm relative to bregma [27] . The right MFB in sham rats was injected with normal saline containing 0.1% ascorbic acid.
Apomorphine (APO)-Induced Rotation Test
The APO-induced rotation test was performed in automatic Rotameter bowls (Panlab/Harvard Apparatus, Holliston, MA). Two weeks after 6-OHDA lesion, APO (0.05 mg/kg dissolved in normal saline, Cat#: A4393, Sigma-Aldrich) was administered by subcutaneous injection. The net number of contralateral rotations (i.e., contralateral rotations minus ipsilateral rotations) was recorded for a 30-min period, beginning 5 min after APO injection. PD was confirmed in rats with a net number of contralateral rotations [ 60 turns/30 min [26] . Rotation behavior was then measured at 2 weeks, 3 weeks, 4 weeks, 5 weeks, and 6 weeks after generation of the 6-OHDA lesions (that is 0 week, 1 week, 2 weeks, 3 weeks, and 4 weeks after beginning EA treatment).
Rotarod Test
A Rotarod apparatus (Panlab/Harvard Apparatus), with a rod 21 cm in height and 60 cm in diameter, was used to measure the balance and crude motor coordination of rats. The rats were trained on the apparatus for three days (at 8 rpm on day 1, 10 rpm on day 2, and 12 rpm on day 3) until they reached stable performance. On the day of the test, the rats were placed on the rod and the rotation speed was started at 4 rpm and then accelerated to 40 rpm within 2 min. The latency to falling from the rod was automatically recorded. Each rat underwent three trials and the latency was averaged [26] . Rats were tested on the Rotarod at 2 weeks, 3 weeks, 4 weeks, 5 weeks, and 6 weeks after 6-OHDA lesion (that is, 0 week, 1 week, 2 weeks, 3 weeks, and 4 weeks after beginning EA treatment).
EA Stimulation
Rats were randomly divided into four groups: a sham group (sham), a 6-OHDA-lesioned group (PD), a 6-OHDAlesioned group followed by 0 Hz stimulation (0 Hz), and a 6-OHDA-lesioned group followed by 100 Hz EA stimulation (100 Hz). EA stimulation was administered on day 15 following 6-OHDA lesion, that is, 2 days after the first APO-induced rotation and Rotarod test as described previously [26] . In brief, two stainless steel needles (0.25 mm in diameter) were inserted into the acupoints BAIHUI (GV 20, at the midpoint between the auricular apices) and DAZHUI (GV 14, directly below the spinous process of the vertebra prominens) to a depth of 5 mm. The rats were then treated with bidirectional square-wave electrical pulses (0.2 ms duration, 100 Hz) generated by a Han's acupoint nerve stimulator (HANS, Neuroscience Research Institute, Peking University) for 30 min/day, 6 days/week for 4 weeks. The stimulation intensity was increased stepwise from 1 mA to 2 mA and then to 3 mA, each lasting for 10 min. During EA, the rats were kept in a cage in an awake, unrestrained condition. Those treated with EA at 0 Hz underwent the same procedures, but no electrical pulses were delivered.
Immunohistochemistry
Immunohistochemistry was performed as described previously [26] . Briefly, rats were anesthetized and perfused trans-cardially. Brains were post-fixed and cut into coronal sections (40 lm) containing the striatum, SNc, and STN. Every sixth section through the striatum and SNc was used for free-floating immunostaining for tyrosine hydroxylase (TH) and every sixth section through the STN was used for VGluT1 immunostaining. Sections were incubated with mouse antibody against TH (1:2000; Cat#: AMAB91112, Sigma-Aldrich) or rabbit antibody against VGluT1 (1:2000; Cat#: ab104898, Abcam, Cambridge, UK) overnight at 4°C. After rinsing with PBS, sections were incubated with biotinylated goat secondary antibody against mouse (1:200; Cat#: PK-4002, Vector Laboratories, Youngstown, OH) or rabbit (1:200; Cat#: PK-4001, Vector Laboratories). The antibody was visualized with DAB solution. Sections were fixed and cover-slipped. Immunohistochemistry and other molecular experiments shown below were all performed after 4 weeks of EA stimulation.
Quantification of TH-Immunoreactive Neurons and Fibers and VGluT1-Immunoreactive Fibers
The number of TH-immunoreactive neurons was counted under a 209 objective lens using Stereo Investigator 8.0 software (MBF Bioscience, Williston, VT). The relative number of TH neurons was calculated as the ratio of the number on the lesioned side to that on the unlesioned side. Images of TH-immunostained striatal sections and VGluT1-immunostained STN sections were analyzed by light microscopy (DP71, Olympus, Tokyo, Japan). Immunoreactive optical densities of TH-positive fibers in the striatum and VGluT1-positive fibers in the STN were calculated using ImageJ software (NIH, Bethesda, MD). The relative optical densities of TH-and VGluT1-immunoreactive fibers were calculated as the ratio of optical density on the lesioned side to that on the unlesioned side.
Western Blotting
After anesthesia, rats were euthanized and the brain removed. Coronal slices (200 lm) containing the STN were cut on a vibrating microtome (VT1000S, Leica Biosystems, Mannheim, Germany) in ice-cold phosphatebuffered saline (PBS). The STN was microdissected under a stereomicroscope (MZ6, Leica Microsystems, Wetzlar, Germany) and immediately frozen on dry ice, as described previously [28] . The STN tissue was lysed in RIPA (Cat#: P00138, Beyotime Institute of Biotechnology, Haimen, China) containing protease inhibitors. Protein concentrations were determined using a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA). A total of 30 lg protein was loaded on a 10% SDS-PAGE gel. The proteins were transferred to nitrocellulose membranes, and incubated with a primary antibody overnight at 4°C. The primary antibodies were rabbit antibody against VGluT1 (1:2000; Cat#: ab104898, Abcam) and mouse antibody against glyceraldehyde-phosphate dehydrogenase (GAPDH) (1:5000; Cat#: G8795, Sigma-Aldrich). The secondary antibodies were IRDye 680-conjugated goat anti-rabbit IgG (1:200; Cat#: P/N 925-68071, Li-Cor Biosciences, Lincoln, NE) and IRDye 680-conjugated goat anti-mouse antibody (1:200; Cat#: P/N 925-68070, Li-Cor Biosciences). Immunoreactive bands were visualized using an Odyssey imaging system (Li-Cor Biosciences). The optical densities of protein bands were normalized to the density of GAPDH bands visualized on the same membrane. The relative optical density of VGluT1 bands was calculated as a ratio of optical density on the lesioned side to that on the unlesioned side.
M1-STN Projection Assessment by Trans-Synaptic Anterograde Tracing
HSV-GFP was used in anterograde trans-synaptic tracing to analyze the structural connectivity of the hyper-direct pathway from M1 to the STN in hemi-parkinsonian rats. HSV-GFP was made by inserting binary tandemly-connected GFP cassettes into the HSV-1 strain H129 genome, a gift from Dr. Luo [29] . After EA treatment, HSV-GFP (5 9 10 9 pfu/mL) in a volume of 500 nL, was injected into the right M1 at the following coordinates: AP ?3.0 mm, ML -2.6 mm, and DV -2.2 mm. The animals were transcardially perfused and the brains were post-fixed for 72 h after injection. Serial coronal sections (40 lm) containing M1 (AP ?3.0 mm) and the STN (AP -3.36 mm) were cut and collected for quantification of HSV-GFP-positive neurons. Cell nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) (1:5000; Cat#: D8417, SigmaAldrich). To quantify HSV-GFP-positive neurons, every sixth section of M1 and every section of the STN were collected, as described by Beier [30] . Each slide was then imaged using a slide scanner (VS120, Olympus). The boundaries of M1 and the STN were based on the rat brain atlas, as described previously [27] . The neurons infected by HSV-GFP in M1 and the STN were considered as starter cells and outputs, respectively. The stereo counting of starter cells and outputs was carried out using Imaris 7.6 software (Bitplane, Bern, Switzerland). The number of outputs in the STN was normalized by the number of starter cells in the M1, as described by Beier [30] .
Statistics
Statistical analysis was performed using Prism version 5.0 (GraphPad Software, La Jolla, CA). One-way analysis of variance (ANOVA) followed by Tukey's post hoc test was performed for comparisons among three or more groups. Two-way ANOVA analyses were used to show the effects of groups, weeks of treatment, and the interaction of groups 9 weeks. Data are reported as mean ± SEM. P \0.05 was considered statistically significant.
Results
Effects of EA on Motor Deficits and Dopaminergic Neurodegeneration in 6-OHDA-Lesioned Rats
The APO-induced rotation test was performed 2, 3, 4, 5, and 6 weeks after the generation of 6-OHDA lesions. As shown in Fig. 1A , unilateral injection of 6-OHDA into the MFB produced intense contralateral APO-induced rotation in the hemi-parkinsonian rats compared to the sham rats (P\0.001). The 100 Hz EA, but not the 0 Hz EA, reduced the intensity of APO-induced rotation after 3 and 4 weeks (P \ 0.05, P \ 0.01 respectively). Sham rats showed no rotation behavior. Motor coordination was assessed using the Rotarod test (Fig. 1B) . The results showed that 6-OHDA-lesioned hemi-parkinsonian rats developed coordination deficits before EA (P \ 0.05). However, the latency was reversed in hemi-parkinsonian rats after 3 and 4 weeks of 100 Hz EA (P \ 0.05). Similar to our previous report, 0 Hz EA had no effect on the motor deficits [26] . These data suggest that 100 Hz EA stimulation alleviates motor dysfunction in 6-OHDA-lesioned hemi-parkinsonian rats.
Immunohistochemical staining for TH was performed 6 weeks after the generation of MFB lesions (after 4 weeks of EA treatment) (Fig. 2) . The optical density of THimmunoreactive profiles in the striatum (Fig. 2A, C) and the number of TH-immunoreactive neurons in the SNc (Fig. 2B, D) were quantified. The data showed that 6-OHDA lesions in the right MFB induced a loss of THpositive profiles by 94.9 ± 2.1% in the striatum on the lesioned (right) side compared with the sham rats (P \ 0.0001). Similarly, 6-OHDA lesions in the MFB induced a loss of TH-positive neurons by 91.3 ± 1.5% in the SNc on the lesioned side compared with the sham rats (P \ 0.0001). The 100 Hz EA stimulation had no effect on the degeneration of TH-positive profiles in the lesioned striatum or TH-positive neurons in the lesioned SNc of hemi-parkinsonian rats compared with untreated hemiparkinsonian rats (P [ 0.05). There was also no effect of 0 Hz EA on TH expression in the striatum or SNc (P[0.05). This was consistent with our previous results [26] . These results collectively support the contention that 100 Hz EA treatment can alleviate the abnormal motor symptoms triggered by 6-OHDA lesions, but has no impact on the nigro-striatal dopaminergic pathway.
Effects of EA on HSV-GFP-Positive Neurons in the STN of Hemi-Parkinsonian Rats
To investigate the effect of EA treatment on the connectivity of the M1-STN pathway, HSV-GFP tracing was performed and the HSV-GFP-positive neurons in M1 and the STN were counted. The number of HSV-GFP-positive neurons in the lesioned STN of hemi-parkinsonian rats (12.33 ± 7.13) was markedly lower than that in sham rats (148.4 ± 16.61) (P \ 0.01, Fig. 3A, B) . The normalized number of HSV-GFP neurons in the lesioned STN per number of M1 starter cells was also lower in the STN of hemi-parkinsonian rats (9.14 ± 5.10 per 10,000 starter cells) than in sham rats (100.5 ± 10.71 per 10,000 starter cells) (P \ 0.01, Fig. 3A, C) . There was no difference in the number of HSV-GFP-positive neurons in the lesioned STN of hemi-parkinsonian rats stimulated with 100 Hz EA for 4 weeks compared with untreated hemi-parkinsonian rats or hemi-parkinsonian rats treated with 0 Hz EA (P [ 0.05).
Effect of EA on VGluT1 Expression in the Lesioned STN of Hemi-Parkinsonian Rats
To evaluate the linkage between possibly impaired glutamatergic terminals and the blunted M1-STN projection, intact glutamatergic terminals were investigated by detecting VGluT1 expression in the STN following 6-OHDA lesions and EA treatment. The VGluT1 levels in the lesioned STN were lower in hemi-parkinsonian rats than in sham rats as assessed by Western blotting (P \ 0.01) (Fig. 4A, B ) and immunohistochemistry (P \ 0.05) (Fig. 4C, D) . Treatment with 100 Hz EA significantly reversed the down-regulation of VGluT1 levels in the STN on the 6-OHDA-lesioned side, as revealed both by Western blotting (P \ 0.01) and immunohistochemistry (P \ 0.05), while stimulation with 0 Hz EA did not (Fig. 4) . These data suggest that treatment with 100 Hz EA reverses the 6-OHDA-induced down-regulation of VGluT1 expression in the STN on the lesioned side. 
Discussion
EA is one of the most widely-used complementary and alternative medicine treatment methods, like Chinese herbs [31, 32] , and has long been used for the treatment of PD [4] . The behavioral and molecular findings from the present study demonstrated that high-frequency EA (100 Hz) at both GV 20 and GV 14 attenuated the motor deficiency in 6-OHDA-lesioned hemi-parkinsonian rats. More importantly, this treatment up-regulated the VGluT1 expression in the lesioned STN of hemi-parkinsonian rats. These results provide evidence that the effect of EA might be associated with increased expression of VGluT1 in the STN of 6-OHDA-lesioned hemi-parkinsonian rats.
Previous studies have confirmed that 6-OHDA lesions in the MFB induce a progressive loss of dopaminergic neurons in the SNc and progression of motor impairments in parkinsonian models [5] . Motor symptoms are manifested when striatal dopamine depletion exceeds 70% [1] . In the present study, *91.3% of the dopaminergic neurons were lost in the SNc and the TH expression level was decreased by 94.9% in the ipsilateral striatum, 6 weeks after a 6-OHDA lesion was induced in the MFB. The 6-OHDA-lesioned hemi-parkinsonian rats showed a marked APO-induced rotation and a decreased latency to falling in the Rotarod test. Stimulation with 100 Hz EA, but not 0 Hz, ameliorated the APO-induced rotation and motor coordination as manifested by performance on the Rotarod test. These results are consistent with our previous studies [6, 12] . However, the mechanisms of 100 Hz EA treatment underlying this amelioration in motor function have not yet been fully clarified.
The restoration of dopamine levels in the striatum is thought to be a critical mechanism for the treatment of parkinsonian motor symptoms [2] . However, many studies have demonstrated motor ameliorations without restoration of striatal dopamine content. For example, DBS of the STN is a clinically effective therapy for parkinsonian motor symptoms, but does not affect dopamine levels in the striatum [33] . The STN is the primary projection target of motor cortical glutamatergic neurons [34, 35] . The glutamatergic projection to the STN from the motor cortex plays a critical role in the control of movement [14] and is known as the hyper-direct pathway. Within the glutamatergic terminals, VGluT1 is present on vesicle membranes [20] and is responsible for transporting glutamate into synaptic vesicles [36] . In PD, there are functional abnormalities in the M1-STN pathway [19] . Our previous study [23] and other studies [21, 22] have reported decreased cortical glutamatergic innervation of the STN in animal models of PD, as indicated by decreased VGluT1 expression levels in the STN of these models. In the present study, VGluT1 expression levels in the STN were also significantly downregulated in parkinsonian rats, which may represent a decrease in the cortical glutamatergic terminals in the STN. We also used HSV-GFP tracing to assess the effect of EA on the connectivity of the M1-STN pathway in hemiparkinsonian rats. HSV-GFP, a trans-synaptic anterograde viral tracer, was injected into M1, trans-synaptically transmitted to the STN, and infected STN neurons. The number of HSV-GFP-positive neurons in the STN represents the connectivity of the M1-STN pathway at the anatomical level. The M1-STN connectivity indicated by HSV-GFP-infected neurons in the STN has been shown to be significantly decreased in parkinsonian rats, which is also consistent with our previous study [23] . Results in the present study indicated that M1-STN connectivity is decreased in hemi-parkinsonian rats, and this may be related to the motor symptoms in these rats.
The STN and M1-STN pathway may be critical for the pathogenesis of parkinsonian motor symptoms and may be very important for the treatment of the symptoms. Research has shown that DBS of the STN can affect parkinsonian motor symptoms via the antidromic activation of M1 through the M1-STN pathway [37] . Other studies have shown that the effect of DBS of the STN might occur through the activation of afferent fibers of the STN from the motor cortex [38] . Our preliminary work also demonstrated that 100 Hz EA stimulation ameliorates the abnormal electrophysiological discharges in M1 (unpublished). Analysis of the VGluT1 content in the STN showed that the 100 Hz EA, but not the 0 Hz EA, markedly up-regulated the VGluT1 expression level in the lesioned STN of hemi-parkinsonian rats, although 100 Hz EA in the present study did not restore the M1-STN connectivity as indicated by HSV-GFP tracing. These results suggest that 100 Hz EA does not restore the neural connectivity of the M1-STN pathway, but up-regulates the VGluT1 expression levels in the STN of hemi-parkinsonian rats. This might be crucial for maintaining the balance of M1-STN pathway function in the basal ganglia circuit.
In conclusion, 100 Hz EA treatment alleviated the motor symptoms in 6-OHDA-lesioned hemi-parkinsonian rats, but did not elicit any significant changes in the M1-STN connectivity as shown by HSV-GFP tracing. Interestingly, the VGluT1 expression levels in the lesioned STN of hemiparkinsonian rats were significantly up-regulated by 100 Hz EA treatment. The VGluT1 in the STN might play a role in the effectiveness of EA and might serve as a potential therapeutic target for PD.
